Introduction
The record of environmental change preserved in sedimentary archives provides one of the few independent means of validating predictive climate models (Webb et al., 1987; Bartlein et al., 1998; Jolly et al., 1998; Joussaume and Taylor, 1998; Webb, 1998; Kohfeld and Harrison, 2000) . Although the Arctic covers only a modest fraction of the planet, it includes many of the most sensitive elements of the planetary system likely to change in the next several decades to centuries (Overpeck et al., 1997) , and greenhouse warming is predicted to be greater in the polar regions than elsewhere. According to recent numerical simulations of future climate under 2;CO scenarios, the Arctic is predicted to warm by up to 83C (Mitchell et al., 1995) . Changes in albedo, associated with variations in the distribution and duration of seasonal snowcover or the extent of boreal forests (Bonan et al., 1995; TEMPO, 1996) , and changes in ocean-atmosphere heat transfer linked to shifts in sea-ice cover, are dominantly Arctic phenomena with global in#uence. Furthermore, changes in sea ice, runo! from Arctic rivers, or ice-sheet discharge will alter the salinity of the polar oceans and may impact oceanic thermohaline circulation (Stein, 1998) , the largest non-linearity in the climate system. North of 603N, the oceans are responsible for one-third of the total heat energy transported by the combined ocean-atmosphere system (Carissmo et al., 1985) ; virtually all of this oceanic transport is via the North Atlantic drift (NAD); Hastenrath, 1982) . Changes in the intensity of the NAD, and any changes in the associated thermohaline circulation, will impact strongly the energy balance of the adjacent regions, most noticeably Scandinavia and NW Europe.
Regional reconstructions of paleoenvironmental change in the Arctic are currently the focus of several national and international research programs. However, to fully evaluate the role of the Arctic in the global climate system necessitates a circum-Arctic approach. To achieve a hemispheric synthesis, CAPE Project Members compiled well-dated sites that characterize the Earth's surface throughout the Arctic at 1 ka time slices for the Holocene (Hicks, 1997) . The primary proxies were pollen assemblages, planktonic marine organisms (foraminifera, diatoms, coccoliths, and dino#agellate cysts), and O from ice cores. For the Holocene, most boundary conditions varied only slightly from the present and a wide range of terrestrial and marine climate proxies exist as continuous, well-dated time-series.
The Holocene includes the interval of instrumental and written records, allowing a "rmly based calibration of proxy data to speci"c climate variables. Consequently, it is ideally suited for detailed global compilations and for comparisons between data-based and model-simulated reconstructions of environmental change. We focused primarily on changes in summer temperatures, because the proxy evidence in the Arctic is most sensitive to this climate parameter. The 6 and 10 ka time slices were identi"ed following established guidelines (Old"eld, 1998); calendrical ages are used throughout the text: 6000 calendar years is approximately the same as 6000 radiocarbon years, whereas 10,000 calendar years corresponds to approximately 9000 radiocarbon years.
Proxy records

Terrestrial summer temperature reconstructions
On land, summer temperature reconstructions are based primarily on palynological data preserved in sedimentary archives, supplemented by other terrestrial proxy summer temperature data where available. Since the early vegetation synthesis of COHMAP (1988), advances have been made in the conversion of site-speci"c changes in pollen assemblages to changes in actual vegetation assemblages. Much of this e!ort has focused on utilizing objective, rule-based classi"cation systems, a process generally referred to as biomization. Through the biomization process, plant taxa represented in the pollen spectra are converted to a limited number of plant functional types . Biomes are then de"ned by combinations of plant functional types, providing a basis for data-model comparisons.
In recent years, several models have been developed that o!er improved simulation of vegetation from GCM output (e.g. Bergengren and Thompson, in review; Foley et al., 1996; Prentice et al., 1992) . The potential feedback of vegetation on regional climate has been quanti"ed, and several regional studies illustrate the importance of correctly incorporating vegetation in any past or future global climate simulation (e.g., Foley et al., 1994; Kutzbach et al., 1996; TEMPO, 1996) . Biomes reconstructed from GCM simulations for several time slices have been compared with vegetation assemblages reconstructed from proxy data for a number of speci"c time slices over the past 21 ka (see, for example, Webb, 1998) .
Despite signi"cant advances in regional to global syntheses of vegetation change through time, past changes in Arctic vegetation have been consistently over-simpli"ed, obscuring signi"cant changes in tundra vegetation that carry paleoclimatic information. Most global vegetation classi"cation schemes have only one, or at most two classi"cations of surface conditions north of the treeline: tundra and polar desert (e.g., Prentice and Webb III, 1998; Williams et al., 1998) . In more recent biome classi-"cations, tundra vegetation may be divided into two classi"cations: areas dominated by upright shrubs vs. those dominated by prostrate plants. While these simple classi"cations may capture the dominant biosphere}at-mosphere feedbacks, they reduce the information contained in more subtle changes in tundra vegetation that re#ect systematic changes in growing season temperatures and moisture availability.
Tundra biomes
Synthesizing site-speci"c vegetation reconstructions into regional patterns of vegetation change for the circum-Arctic requires common guidelines (Prentice and Webb III, 1998) . One of the goals of the CAPE Lammi meeting was to bring together palynologists working across the circum-Arctic to achieve a common basis for the reconstruction of changes in tundra vegetation, and to develop a more sensitive and broadly applicable classi-"cation of tundra ecosystems. We developed a consensus subdivision of tundra vegetation based on pollen preserved in sedimentary archives, the CAPE Tundra Biomes Scheme (Fig. 1 ). This classi"cation scheme consists of six tundra biomes (1}6, Fig. 1 ), and one forest/tundra biome. The biomes are ranked so that they re#ect generally increasing warmth and duration of the growing season. Within the Fell"eld and Gramanoid Tundra Biomes, a further two-part subdivision is possible, re#ecting consistent di!erences in mean growing season temperatures, whereas two distinct shrub tundra biomes have overlapping growing season temperature constraints. This results in seven distinct and widely applicable growing season categories for the tundra, interpreted in terms of increasing summer (JJA) temperatures (A}G, Fig. 1 ).
To synthesize available well-dated pollen records from the circum-Arctic, CAPE convened 12 regional working groups (Fig. 2) that brought together experts working in each region to identify and compile well-dated Holocene records prior to the Lammi meeting. Conversion of pollen data to tundra biomes follows a rule-based strategy developed by each of the working groups (e.g. Tables 1a and 1b). For each sector, the relevant tundra biomes were assigned characteristic pollen assemblages. Because of regional variations in vegetation assemblages, pollen de"nitions of a speci"c tundra biome may vary in the details of their pollen composition between the 12 regions. Fossil pollen assemblages were classi"ed into their appropriate biome using these characteristics, coupled with the expert local knowledge within each regional working group. Based on the changes in biomes through time, relative summer temperature anomalies were computed for each site.
Terrestrial summer temperature reconstructions are derived from 168 sites at 10 ka and 208 sites at 6 ka (Fig. 3) ; all sites are north of 593N. Estimates of summer temperature change are based on the scaled di!erence (cold-warm scale of letters A}K in Fig. 1 ) between the fossil biome reconstructed from the pollen data and the reconstructed modern biome at the same site, although this is not a strictly linear expression of summer temperature. The basic pollen counts for the sites used in this compilation are archived in the North American pollen database (NAPD), European pollen database (EPD), or in the Paleoclimate from Arctic lakes and estuaries (PALE) pollen databases.
Marine SST reconstructions
Biotic proxies preserved in marine sediment cores provide the basis for past SST reconstructions. Chronological uncertainties and di$cult access to optimal core localities limit the density and spatial distribution of marine paleodata; 23 cores meet our criteria for secure geochronologies and reliable paleoenvironmental proxies. Most of these cores come from regions in#uenced by Atlantic water. Key oceanographic characteristics are the distribution of seasonal and permanent sea ice, sea-surface temperatures (SST) and salinity. SSTs were estimated from transfer functions constructed from diatom (Koc7 et al., 1993) , dino#agellate (de Vernal et al., 1994; 1997) , and planktonic foraminiferal assemblages (P#aumann et al., 1996; Waelbroeck et al., 1998) . Where only benthic foraminiferal data were available, SSTs were inferred from species distributions and their links to hydrographic conditions known today (Feyling-Hanssen et al., 1971; Sejrup et al., 1981 , Mudie et al., 1984 Jennings and Weiner, 1996) . We developed a classi"cation system based on these parameters (Table 2) that can be objectively applied.
Ice cores
Estimates of Holocene summer temperatures at or near the summits of ice caps in Greenland, NE Canada, and Russia are derived from oxygen isotope ratios in ice and reconstructed intensity of summer melt (Koerner, 1977) , with secure time control within the Holocene provided by layer counting. Table 1 Examples of a rule-based conversion of pollen-data to vegetation type for Fennoscandinavia, Svalbard, Karelia and the Kola Peninsula (Table 1a) and for the Eastern Canadian Arctic and Greenland (Table 1b) 
Paleoclimate models
We used the NCAR GENESIS v.2 (Thompson and Pollard, 1997) general circulation model (GCM) to simulate conditions at 10 ka, 6 ka and present , and to compare with our data-based paleoenvironmental reconstructions. GENESIS v.2 utilizes an atmospheric general circulation model with a spectral resolution of T31 (ca. 3.753;3.753) coupled with multi-layer models of surface phenomena (vegetation, soil, glacier ice, snow) at a resolution of 23;23. The ocean is represented by a 50 m-thick mixed-layer slab ocean, with the oceanic heat #ux prescribed at modern values. Because thermohaline circulation is not thought to have undergone major reorganization within the Holocene, no changes related to deep-ocean circulation are incorporated . For the 10 ka simulation, land, ocean, and ice-sheet boundaries were from ICE-4G (Peltier, 1994) , modi"ed to allow communication between the Arctic Ocean and the North Paci"c through Bering Strait (Fairbanks, 1989; Elias et al., 1996) , and to include large proglacial lakes in North America and Fennoscandia. At 10 ka, obliquity was 0.83 greater than present, perihelion was in July, and there was a slight increase in eccentricity, resulting in 40}50 W m\ more insolation than present in June and July, and a corresponding decrease in autumn (S, O) insolation. A substantial remnant of the Laurentide Ice Sheet remained over North-Central Canada, and a much smaller ice-sheet remnant remained over the higher elevations in Scandinavia. By 6 ka, except for the small Foxe Dome remnant of the Laurentide Ice Sheet, Pleistocene ice sheets had disappeared; surface topography in the model is the same as at present, and trace gases are prescribed as at 10 ka. Summer insolation in the Arctic was still 20}30 W m\ above modern, whereas autumn insolation was only slightly lower than modern values.
Data*model comparisons
To compare the paleodata reconstructions and model simulations for 10 and 6 ka, the two datasets are superimposed in Figs. 4 and 5. These maps, and additional maps showing the site-speci"c CAPE Tundra Biomes derived from the pollen data for all 10 time slices, and predicted vegetation from the GENESIS 6 and 10 ka simulations are available on the CAPE Website (http://www.ngdc. noaa.gov/paleo/cape/cape.html).
Data-model comparison at 10 ka.
The largest departures from present occurred at 10 ka, when orbital forcing was strongest, and the residual Laurentide and, to a lesser extent, Scandinavian ice sheets were still regionally in#uential. Unlike a glacial maximum simulation , the remnant ice sheets at 10 ka are su$ciently reduced in their aerial and vertical extent that they no longer exert a large circumpolar in#uence on the zonal wave pattern circulation of the Fig. 4 . Paleodata-model comparison for 10 ka. For both schemes, we show the departures of mean summer (JJA) temperatures from those of the present. In the model simulations, summer temperatures are scaled quantitatively as departures from the modern (control run using modern boundary conditions and pre-industrial CO ) monthly means. The paleovegetation data are scaled in a semi-quantitative scheme using color and intensity of color to indicate the direction and magnitude of change from present, based on a qualitative growing season temperature index derived from the CAPE Tundra Biomes (Fig. 1) . Sea-surface temperatures are expressed as warmer (orange), colder (blue), or no di!erent (white) than present based on a comparison of reconstructed water-mass type to present-day water mass at the site (Table 2) . Ice-core data indicate whether the site in signi"cantly warmer than (orange), colder than (blue), or the same as (white) present based on a comparison of O values with surface samples. Select regions where glacier margins are behind current margins are indicated by orange diamonds. Gray areas are those regions covered by permanent ice sheets. Smoothed continental margins are from Peltier (1994) and are adjusted for sea-level changes. Note that on the 10 ka map there is a region of intensely warmer summers along the Russian Arctic coast east of Taimyr Peninsula. This warmth is because the region is considered land in the model at 10 ka, but was subsequently submerged due to sea-level rise and coastal erosion, and is ocean (sea-ice-covered) in the present-day control simulation. The apparent warmth at 10 ka in this region of changed surface type is not of climatic signi"cance. middle troposphere. Thus, the resulting pattern of Arctic summer surface temperatures are determined primarily by a balance among the general increase in insolation, the slight cooling from pre-industrial greenhouse gas concentrations (a minor e!ect), circulation in#uences on a regional scale, and any resulting vegetation or sea-ice feedbacks.
The modeled 10 ka summer temperature patterns are dominated, as expected, by strong cooling over and downstream of the remnant Laurentide Ice Sheet. Downstream cooling extends across a cooler simulated North Atlantic and into Western Europe and the southern Norwegian Sea. Marine and terrestrial proxies support the simulations across most of this region, but indicate that SSTs across the northern Norwegian Sea and air temperatures over adjacent arctic islands were similar to or warmer than present by 10 ka. The marine data in particular, require a stronger-than-present #ow of Fig. 5 . Paleodata-model comparison for 6 ka. For both schemes, we show the departures of mean summer (JJA) temperatures from those of the present. In the model simulations, summer temperatures are scaled quantitatively as departures from the modern (control run using modern boundary conditions and pre-industrial CO ) monthly means. The paleovegetation data are scaled in a semi-quantitative scheme using color and intensity of color to indicate the direction and magnitude of change from present, based on a qualitative growing season temperature index derived from the CAPE Tundra Biomes (Fig. 1) . Sea-surface temperatures are expressed as warmer (orange), colder (blue), or no di!erent (white) than present based on a comparison of reconstructed water-mass type to present-day water mass at the site (Table 2) . Ice-core data indicate whether the site in signi"cantly warmer than (orange), colder than (blue), or the same as (white) present based on a comparison of O values with surface samples. Select regions where glacier margins are behind current margins are indicated by orange diamonds. Gray areas are those regions covered by permanent ice sheets. Smoothed continental margins are from Peltier (1994) and are adjusted for sea-level changes. Note that on the 10 ka map there is a region of intensely warmer summers along the Russian Arctic coast east of Taimyr Peninsula. This warmth is because the region is considered land in the model at 10 ka, but was subsequently submerged due to sea-level rise and coastal erosion, and is ocean (sea-ice covered) in the present-day control simulation. The apparent warmth at 10 ka in this region of changed surface type is not of climatic signi"cance.
relatively warm Atlantic water into the Arctic Ocean via Fram Strait and along the north coast of Scandinavia. Because source water in the North Atlantic was cooler than present, SSTs in the southern Norwegian Sea remained lower than present despite intensi"cation of the NAD. In contrast, the greater #ux of Atlantic water at the current northern and eastern limits of the NAD, ampli-"ed by higher summer insolation, resulted in warmer than present conditions throughout these regions. This interpretation is supported by the appearance of marine mollusks with reproductive cycles limited by SST along the west and north coasts of Svalbard at 10 ka, well north of their current northern limits (Salvigsen et al., 1992) , and observations that local glaciers were smaller than present by 10 ka on both Svalbard (Svendsen and Mangerud, 1997) and Franz Josef Land (Lubinski et al., 1999) . A similar increase in the penetration of warm Atlantic water along West Greenland and into the Canadian Arctic occurred about a thousand years later (Dyke, 1998; Funder and Weidick, 1991) . GENESIS is not designed to predict changes in the intensity of meridional ocean currents (oceanic heat #ux is prescribed, and the ocean is de"ned as a mixed slab ocean lacking deep convection), hence fails to capture this important e!ect.
Across the Eurasian Arctic to western Alaska the GCM simulates summers signi"cantly warmer than present. This broad expanse of early Holocene relative warmth is a consequence of increased summer insolation. Paleodata indicate summer temperatures were similar to, rather warmer than present across most of this region, suggesting the model over-estimates the magnitude of the insolation e!ect across the interior of the Asian Arctic. The exception is along the Arctic Ocean coast where paleodata document a northward expansion of the boreal forest, suggesting warmer summers. However, at this time the coastline was several tens of kilometers north of its current position because sea level was lower and the continental shelf broad, with a very low slope. Coastal erosion accompanied the deglacial eustatic rise, producing a large southward shift of the coastline across this region during the early Holocene. At least some of the northward expansion of boreal forest at 10 ka was due to the strong continentality caused by the distance to the Arctic Ocean at that time, and may not be directly related to di!erences in climate.
The paleodata indicate an abrupt shift from warmer to cooler summers eastward from western Alaska. This trend is captured well by the model, where it arises from a substantial increase in southwesterly surface #ow. A stronger summer high-pressure area over the Gulf of Alaska at 10 ka brought cool maritime air from the northern Paci"c into the Alaskan interior. A similar e!ect occurs during the period of instrumental record, but the e!ect is simulated to have been much stronger at 10 ka. The increased maritime in#uence seen in both the 10 ka data and model fades to the north and east over central Canada, where both reconstructions show minor changes or slight warming upstream of the residual Laurentide Ice Sheet.
Ice cores from high elevations on Greenland and Arctic Canada indicate summer melt was close to its maximum level at 10 ka, whereas terrestrial vegetation from lower elevations in the same regions indicates summer temperatures remained below their Holocene maxima. The summer melt at the summits of ice caps/ice sheets apparently responds more directly to summer insolation than does lower elevation vegetation, possibly because the higher insolation receipts were moderated at lower elevations by localized cooling from the residual Laurentide Ice Sheet.
Data-model comparison at 6 ka.
A consistent broad-scale pattern of warming to varying degrees is nearly circum-arctic in extent for both reconstructions at 6 ka. The proxy data indicates that terrestrial and marine temperatures are consistently higher than present across the Atlantic sector, but tend to be similar to the present elsewhere. The only regional exception to this pattern is Alaska, which is generally cooler than present in both the observations and the GCM simulation. As at 10 ka, the GCM output suggests this is due to a stronger #ow of cool air from the Paci"c than at present, but the strength of this #ow is less than at 10 ka. Summer warmth at 6 ka in the Atlantic sector may be particularly apparent because it is over this region that Neoglaciation, the re-growth of glaciers in the Midto Late-Holocene (and associated reduction of summer temperatures), is best demonstrated. This spatially coherent pattern of Late Holocene cooling may be related to changes in the routing of Atlantic water into the Arctic (Hald and Aspeli, 1997) , and/or the rate of deepwater formation in the Nordic and Labrador seas, which strongly in#uences the poleward transport of heat by the ocean (e.g., Carissmo et al., 1985) .
The greatest discrepancy between paleodata and model simulations occurs across the Eurasian Arctic, where the GCM predicts summer temperatures 33C above present and an extensive expansion of grasslands at the expense of boreal forest . In contrast, pollen records indicate vegetation similar to modern throughout the region at that time. Similar results have been noted for other 6 ka simulations , although a GCM experiment utilizing a non-interactive vegetation model did not predict the grassland expansion (TEMPO, 1996) . The discrepancy may be due to a vegetation-climate feedback (Bonan et al., 1995) arising from an inaccurate speci"cation of summer temperature limits for deciduous broadleaf trees (e.g., birch) in the EVE model, or it may infer the limits of climate models that lack a fully coupled ocean.
Conclusions
The comparison of terrestrial, ice core, and marine paleodata with GCM simulations, undertaken here for the "rst time for the Arctic, shows broad agreement despite the asymmetric response of the Arctic to symmetrical forcing (insolation, CO ). Asymmetry is enhanced by the relatively slow decay of the Laurentide Ice Sheet relative to the Eurasian ice sheets, and by changes in thermohaline circulation and associated changes in the intensity of the NAD compared to less dramatic changes in surface and deep circulation in the North Paci"c. Late Holocene cooling, well expressed in the paleodata throughout the North Atlantic sector, is not mirrored in Beringia, and is likely a consequence of subtle changes in North Atlantic circulation.
The GCM simulation performs well overall, capturing early Holocene warming across the Eurasian Arctic and Indicates Executive Committee members. the lack of Late Holocene cooling over Alaska, but greatly overpredicts Mid-Holocene summer temperatures across Russia, apparently a consequence of inappropriate temperature limits in the associated vegetation model.
Although changes in Laurentide and Fennoscandinavian ice sheets and insolation account for many of the dominant features apparent in Figs. 4 and 5, interactions within the global climate system complicate speci"c predictions of environmental change. GENESIS is not designed to capture changes in ocean currents; consequently the failure of the GCM to capture early Holocene intensi"cation of the NAD is not surprising. This discrepancy does suggest that algorithms for meridional heat transport by ocean currents and thermohaline convection will have to be incorporated in future models to accurately assess past and future environmental change.
Continued comparisons between climate models and well-constrained paleo-datasets o!er the potential of identifying #aws in the models and weaknesses in the paleodata, and will focus paleo-research in critical geographic regions and at key time slices. One obvious gap in the paleodata for the Arctic is the absence of welldated proxy records of sea-ice changes (cf, Koc7 et al., 1993) in the Arctic Ocean and some of the associated marginal seas. Sea ice is a key variable in assessing climate change because of its large feedback on the planetary energy balance and deep-ocean convection. The extent and duration of sea-ice cover in#uence the planetary albedo and the exchanges of heat, moisture, and gases between ocean and atmosphere. Sea-ice formation alters the salinity structure of surface waters through salt rejection, producing cold, dense brines. A reduction of permanent sea ice under a 2;CO scenario is largely responsible for the modeled intense warming of the Arctic in the next century. A rigorous reconstruction of the extent of sea-ice reduction in the early Holocene, when increased advection of warm Atlantic water coincided with a maximum in summer insolation, provides the most recent`warm Eartha analogue for projected future warming. Accurate paleoreconstructions of sea ice allow evaluation of the next generation of sea-ice models, underscoring the continuing need to bring together the paleo-data and modeling communities to compare observed changes in the past with modeled paleo-simulations. These interactions provide the most e!ective validation of models being used to make essential projections of future climates.
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